The changes in the receptor binding domain of influenza A virus hemagglutinin lead to the appearance of new viral strains that evade the immune system. To prepare the future emergence of potentially dangerous outbreaks caused by divergent influenza strains including human-adapted H5N1 strains, it is imperative that we understand the rule stored in the sequence of the receptor binding domain. Information of life is stored as a sequence of nucleotides, and the sequence composed of four nucleotides seems to be a code. It is important to determine the code structure of the sequences. Once we know the code structure, we can make use of mathematical results concerning coding theory for research in life science. In this study, we applied various codes in coding theory to sequence analysis of the 220 loop in the receptor binding domain of H1, H3, H5 and H7 subtype viruses isolated from humans. Sequence diversity in the 220 loop has been observed even within the same hemagglutinin subtype. However, we found that the code structure of the 220 loop from the same subtype remains unchanged. Our results indicate that the sequences at the 220 loop have the structure of subtype-specific codes. In addition, in view of these finding, we predicted possible amino acid changes in the 220 loop of H5N1 strains that will emerge in the future. Our method will facilitate understanding of the evolutionary patterns of influenza A viruses, and further help the development of new antiviral drugs and vaccines.
INTRODUCTION
Influenza A viruses have eight pieces of segmented RNA, which encode 11 proteins (Olsen et al., 2006) . The antigenic properties in the two viral surface proteins, hemagglutinin and neuraminidase, are used to classify influenza A viruses into different subtypes. Currently Influenza A viruses circulating among humans are the H1N1 and H3N2 subtypes. Although other subtypes such as H5N1 and H7N9 have not yet gained the ability to spread efficiently from person to person, these virus subtypes have occasionally infected humans.
High-pathogenicity avian H5N1 influenza viruses exhibiting high lethality continue to pose threats to our lives since their emergence in China in 1996. According to the World Health Organization (WHO), there have been 826 human cases with H5N1 influenza infection since 2003, and approximately 53% of the cases have died (as of March 31, 2015) . Despite the high mortality, H5N1 viruses have not yet gained the ability to spread efficiently from person to person. However, the outbreaks of H5N1 have been reported among domestic poultry and wild birds in many countries (Durand et al., 2015; Pfeiffer et al., 2011; Yamamoto et al., 2011) . In addition, recent studies reported that a reassortant influenza virus containing a hemagglutinin protein from an H5N1 virus with four mutations can be transmitted between ferrets (Imai et al., 2012) . The viral surface protein, hemagglutinin mediates binding of the virus to target cells via the host cell receptor, sialic acid (Jiang et al., 2012; Rumschlag-Booms and Rong, 2013) . The hemagglutinin of avian influenza viruses preferentially binds sialic acid receptors (α2,3-SA) on epithelial cells in the intestinal tract of birds and in the lower respiratory tract of humans, whereas the hemagglutinin of human influenza viruses preferentially binds another type of sialic acid (α2,6-SA) (Schrauwen and Fouchier, 2014; Yen and Peiris, 2012) . The receptor binding domain (RBD) of hemagglutinin, situated at the outer surface on top of the viral spike, is composed of three major structural elements: a 130-loop (residues 134-138), a 190-helix (residues 188-190) , and a 220-loop (residues 221-228) based on H3 numbering (Das et al., 2009; Durand et al., 2015; Jiang et al., 2012; Stevens et al., 2006) . It is considered that the mutations in the RBD could affect the receptor binding avidity and specificity of hemagglutinin (Chen et al., 2011; de Vries et al., 2013; de Vries et al., 2014; Schrauwen and Fouchier, 2014) . The RBD is the primary target of neutralizing antibodies, which are induced by virus infection or by vaccination with specific antigen (Bright et al., 2003; Chen et al., 2011; Jiang et al., 2012; Khurana et al., 2011; McCullough et al. 2012) . However, the mutations in the RBD lead to change in viral immunogenicity and antigenicity (Chen et al., 2011; Xu et al., 2010) . Jiang et al. (2012) state that RBD plays a critical role in the elucidation of antiviral immune response and protective immunity. McCullough et al. (2012) also state that a better understanding of mutations in the RBD may be useful in vaccine and drug design effort. To prepare the future emergence of potentially dangerous outbreaks caused by divergent influenza strains including human-adapted H5N1 strains, it is imperative that we understand the rule stored in the sequence of the RBD.
Information of life is stored as a code composed of four nucleotides: adenine (A), cytosine (C), guanine (G), and thymine (T). Therefore, we can consider that the DNA or gene in each organism is a code showing its inherent structure. In protein coding region, each group of three consecutive nucleotides is called a codon, and each codon corresponds to one amino acid. The total number of three nucleotide groups is the third power of 4, which means we have 64 codons. However, only 20 proteinogenic amino acids exist in nature. Moreover, it is supposed that the third nucleotide for a codon will not play an essential role in making of an amino acid. This shows that a gene has redundancy to correct errors to some extent. In other words, it has a structure that is similar to one of an errorcorrecting/detecting code for the transmission of information. In life-science research, it is important to determine the code structure of the target gene. Once we know the code structure, we can make use of mathematical results concerning coding theory for research in life science. How can the RBD sequences of influenza A viruses be discussed using coding theory? The present study was conducted to find out the code structure of the 220 loop of influenza A viruses, and to predict sequence changes in the 220 loop of H5N1 virus.
METHODS

Sequence Data
We applied artificial codes in coding theory to sequence analysis of the 220 loop in the H1, H3, H5 and H7 RBD. All full-length amino acid and nucleotide sequences of hemaggulutinin from influenza A H1, H3, H5, and H7 subtypes were downloaded from the Influenza Research Database on September 2014. The hemaggulutinin data set consists of 8,941 human sequences from the H1 subtype between 1918 and 2014, 6,013 human sequences from H3 subtype between 1968 and 2014, 230 human sequences from the H5 subtype between 1997 and 2013, and 51 human sequences from H7 subtype between 1996 and 2014. The sequences were aligned using MAFFT (Katoh and Toh, 2008) which can quickly process a large dataset.
Sequence Analysis of the 220 Loop by Coding Theory
We explain how to encode the nucleotide sequence of the 220 loop to detect the code structure. The method for applying artificial codes to sequence analysis has been described in detail previously (Ohya and Sato, 2000; Sato et al., 2013) . Since the Galois Field GF(4) consists of four elements, 0, 1, and such that + + 1 = 0 , the four nucleotides can be expressed in each of four elements. There are a total of 24 (= 4!) different possible combinations to map the four nucleotides to the four elements in GF(4).
First, an important part of the nucleotide sequence of the 220 loop from an influenza strain, namely the nucleotide sequence excluding the third nucleotide of each codon, is transformed into the information sequence which consists of the elements of GF(4). Next, the information sequence is grouped into blocks and then encoded into code words of an error-correcting/detecting code C. The total length of such a code (code word length) is multiples of 3 and the length of the information symbols (information block length) is multiples of 2. The check symbols in each code word are placed into the corresponding position of the third nucleotide of codon. Then, the encoded sequence, which consists of the set of the code words, is written back to nucleotide sequence. We call it the encoded nucleotide sequence. After that, the encoded nucleotide sequence is converted into amino acid sequence. We call it the encoded amino acid sequence. Finally, the degree of similarity between the amino acid sequence of the 220 loop from the influenza strain and the encoded amino acid sequence described above is computed. We think that if the amino acid sequence of the 220 loop is identical to the encoded amino acid sequence generated by the code C, i.e. the similarity is 100%, then the nucleotide sequence of the 220 loop has the structure of the code C. Therefore, it is possible to find the code structure of the 220 loop by computing the degree of similarity for various artificial codes. Artificial codes used for our study are the so-called linear codes, cyclic codes, Bose-ChaudhuriHocquenghem (BCH) codes, self-orthogonal codes and Iwadare codes. Practically, we used 95 types of codes including differences in generator polynomial. Let ( = 1, 2, ⋯ , 230) be 230 amino acid sequences of the 220 loop from the H5 subtype. As described above, we encode the 230 nucleotide sequences of the 220 loop in a code C, and then get the encoded amino acid sequences ( = 1, 2, ⋯ , 230). Because the 220 loop is composed of 8 amino acid residues, a degree to measure the similarity between and is denoted by rate of coincidence (RC) as follows:
where is the numbers of sites for which two amino acid sequences differ from each other. RC( , )=1 means that the similarity between and is 100%. If all of the 230 amino acid sequences of the 220 loop from H5 subtype are identical to the encoded amino acid sequences generated by the code C, i.e. ∑ RC( , ) 230 ⁄ = 1, then 100% of the 220 loop nucleotide sequences have the structure of the code C. By using 95 types of codes for each case of the 24 representations of the four nucleotides in the elements of GF(4), we tried to find the code structure of the 220 loop in each of the H1, H3, H5 and H7 subtype viruses in this way.
Once we found the code structure for the 200 loop of influenza A virus by using various artificial codes, we can apply this results to the prediction of amino acid residues in the 220 loop of influenza strains that will emerge in the future. The 220 loop is composed of 8 amino acid residues (24 nucleotides). ) patterns are made through combination of these 16 positions. To predict possible amino acid changes in the 220 loop of H5N1 influenza hemagglutinin, each of these information sequences was encoded using the encoding scheme of the code characterizing the 220 loop sequences from H5N1 viruses.
RESULTS
The Code Structure of the 220
Loop of Influenza A Viruses Figure 1 shows the percentage of the 220 loop nucleotide sequences with the structure of the indicated codes for their respective subtypes. Interestingly, more than 95% (8,504/8,941) of the 220 loop nucleotide sequences of the H1 subtype that infected humans between 1918 and 2014 had the structure of the (24, 16) cyclic code with the generator polynomial ( ) = + + + + + + + + (Figure 1(A) ). Almost all of the 220 loop nucleotide sequences from other subtypes (H3, H5 and H7) did not have that structure. For the H3 subtype that infected humans between 1968 and 2014, more than 99% (5,956/6,013) of the 220 loop nucleotide sequences had the structure of the (12, 8) cyclic code with the generator polynomial ( ) = + 1 (Figure 1(B) ). Those from other subtypes (H1, H5 and H7) did not have that structure. In addition, we found the code structure characterizing the 220 loop sequences from the H5 and H7 subtypes, respectively. All (230/230) of the nucleotide sequences of the H5 subtype that infected humans between 1997 and 2013 had the structure of the (24, 16) cyclic code with the generator polynomial ( ) = + 1 (Figure 1(C) ). For the H7 subtype that infected humans between 1996 and 2014, approximately 98% (50/51) of the nucleotide sequences had the structure of the self-orthogonal code of information rate R=2/3 with the generator polynomial ( ) = + 1, ( ) = + 1 (Figure 1(D) ). The amino acid sequences of the 220 loop are diverse even within the same subtype (Tables S1-S4) . However, surprisingly, the code structure of the 220 loop from the same subtype remains unchanged.
Future Sequence Changes in H5N1 220 Loop
We found the mutation rules for the 200 loop of influenza A virus hemagglutinin by using various artificial codes in information transmission. As became clear above, the 220loop human sequences from H5N1 strains have preserved the structure of a specific code since the emergence of H5N1 in humans in 1997. In this study of predicting sequences, we used 95 types of codes including differences in generator polynomials on the condition that C, A, G and T of nucleotides correspond to 0, 1, and of Galois Field GF(4), respectively. Every 220 loop amino acid sequence belonging to the H5 subtype was identical to the encoded amino acid sequence generated by the (24, 16) cyclic code with generator polynomial ( ) = + 1 (the similarity is 100%) and was not identical to that generated by any of different 65 types of codes (the similarity is 0%). Table 1 shows possible amino acid changes in the 220 loop of H5N1 influenza strains that will emerge in the future. These are composed of 128 sequences out of the 1,024 encoded amino acid sequences generated by the (24, 16) cyclic code with generator polynomial ( ) = + 1 , the rest of which were removed because of overlap with the encoded amino acid sequences generated by the 65 types of codes. The possible changes we predicted are based on the assumption that although sequence diversity in the 220 loop of H5N1 hemagglutinin will be observed even from now on, the code structure will probably not change.
CONCLUSIONS
Influenza A H1 and H3 subtypes, which have circulated among humans for nearly 100 years since the pandemic of 1918 and for nearly 50 years since the pandemic of 1968 respectively, continue to change by accumulation of mutations in the hemagglutinin. Similarly, other subtypes such as H5 and H7, which have occasionally caused human infections, change by mutations in the hemagglutinin. These changes, particularly the changes in the RBD of the hemagglutinin, lead to the appearance of new viral strains that evade the immune system. Therefore, it is imperative for us to understand the mutational patterns in the RBD. Sequence diversity in the 220 loop of the RBD, has been observed among different hemagglutinin subtypes, or even within the same subtype. However, the code structure of the 220 loop from the same subtype remains unchanged. Our results indicate that the sequences at the 220 loop have the structure of subtype-specific codes. The first goal of this study was to find out the code structure of the 220 loop of influenza A viruses. We fortunately found the rules of mutations for the loop by using various codes in information transmission. These findings may be very helpful in predicting sequence changes in the 220 loop and may provide clues to the decision of vaccine strain and the development of new antiviral drugs. The 220 loop of the RBD is definitely an attractive target for developing antiviral drugs.
The second goal of this study was to predict sequence changes in the 220 loop of H5N1 virus. Based on the assumption that the code structure of the 220 loop from the same subtype will probably not change even from now on, we predicted possible amino acid changes in the 220 loop of H5N1 influenza strains that will emerge in the future. We cannot deny the possibility that a pandemic H5N1 strain transmissible between humans may not possess the amino acid changes predicted here. Monitoring the molecular changes in hemagglutinin is important for the accurate sequence prediction. However, our method, which determines the code structure of the 220 loop of influenza A virus hemagglutinin, will facilitate understanding of the evolutionary patterns of influenza A viruses, and further help the development of new antiviral drugs and vaccines. Through the generation of mutant viruses possessing hemagglutinin gene with mutations of the 220 loop predicted in our method and the examination of the growth and transmissibility of the mutant viruses in animal models, suitable vaccine candidates will be selected. It is expected that the 220 loop-based influenza vaccines would be effective against divergent influenza strains, including those that may cause pandemics in the future. 
